HOW ATP AND OTHER NUCLEOTIDES are released from intact cells is a fundamental question, given the existence of multiple purinergic receptor signaling cascades operative in most vertebrate tissues (25) . It is well-established that neurons and neuroendocrine cells release ATP via classical mechanisms involving Ca 2ϩ -dependent exocytotic release of nucleotides copackaged with other neurotransmitters within specialized secretory vesicles or granules. However, many, indeed most, nonexcitable cell types locally release ATP via nonlytic mechanisms that do not involve obvious or readily measured exocytosis of nucleotide-containing vesicles or granules. An alternative mechanism for nonlytic ATP release is its facilitated efflux from the cytosolic compartment through plasma membrane transport proteins. Various membrane transport proteins or functionally characterized permeability pathways have been suggested as "ATP channels," including some ATP-binding cassette (ABC)-family transporters, volume-regulated anion channels, plasma membrane variants of the mitochondrial voltage-dependent anion channel (VDAC) porins, and maxianion channels (31). Additionally, a strong and growing body of data indicates that ATP release from many cell types is mediated by so-called hemichannels composed of protein subunits from the wellcharacterized connexin (Cx) family or the recently described pannexin (Panx) family (19, 23, 26) . Hemichannels can act as low-resistance conduits for the efflux of ATP and other cytosolic metabolites (59). The ubiquitous expression of the Panx1 gene in most tissues and cell types suggests that Panx1 hemichannels may comprise one of the most widely used efflux pathways for ATP release in different paracrine and autocrine signaling responses (4, 30). Notably, extracellular ATP itself, acting via certain P2Y or P2X receptors, can elicit intracellular signals that favor the gating of hemichannels to the open state. This facilitates a pathway of what can be termed "ATP-induced ATP release" linked to paracrine signaling "waves" that allow multiple cells within a tissue to respond proactively to environmental stresses (e.g., metabolic inhibition, mechanical shear, and microbial invasion) sensed by only a few cells at the immediate locus of environmental insult or stimulation (51). This sort of paracrine signaling can play a positive role in adaptive responses, such as ischemic preconditioning, relief of mechanical stress, or killing of invading pathogens, with clear physiological benefit to the whole animal. However, a cascade of P2 receptor activation coupled to the gating of ATPpermeable hemichannels also comprises a positive feedback loop that, if unrestrained, could lead to maladaptive and malignant depletion of intracellular ATP stores, collapse of ionic gradients, and cell death. Thus considerable attention has been directed toward the identification of endogenous factors that can inhibit or restrict the gating/conductance of hemichannels. In a paper by Qui and Dahl (40a), they describe a highly novel mechanism based on a direct inhibitory action of extracellular ATP on the gating and/or activity of pannexin-1 hemichannels.
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Cell Biology of Pannexins and Connexins
Pannexin-1 belongs to a family of three membrane proteins (Panx 1, 2, and 3) that exhibit similar topology, but minor sequence homology, to the larger (20 unique members) family of connexin membrane proteins (10) . In contrast to Panx2, which is restricted to the brain, and Panx3, which is predominantly a skin and connective tissue gene product, Panx-1 is expressed in most cells and tissues examined thus far. Given its ubiquitous distribution and unusual functional characteristics as a channel, Panx1 has become the focus of recent studies in a broad range of tissues and physiological responses. [See Shestapolov and Panchin (56) for a recent review of this rapidly developing area]. For example, Panx1 has recently been linked to the transmission of gustatory receptor signals in taste buds (43) , the activation of inflammatory and immune signaling responses in macrophages (38) and T lymphocytes (54) , pressure overload-induced fibrosis in the heart (36) , and the generation of N-methyl-D-aspartate (NMDA) receptor-dependent epileptiform electrical activity in the hippocampus (63) .
All pannexins and connexins share a similar structure of four transmembrane domains, intracellular amino and carboxy termini, and two extracellular loops (56) . Six subunits coassemble to form a hexameric hemichannel during synthesis and trafficking through the ER/Golgi network before delivery at the plasma membrane (Fig. 1) . Hemichannel assemblies composed of connexin subunits are known as connexons, whereas those composed of pannexins are pannexons. Both homomeric connexons composed of a single connexin subtype and heteromeric connexons containing different subunits can be expressed in different tissues. Depending on both subunit composition and cell type, connexons or pannexons may be predominantly trafficked to the plasma membrane or retained within intracellular membrane pools (39) .
A major difference between connexons versus pannexons is their fate and function following delivery to the plasma membrane ( Fig. 1) . At sites of direct cell-cell contact, the apposed connexon hemichannels from two cells readily dock together (via extracellular loop domains) to form a transcellular gap junction channel. Clusters of such gap junction channels comprise morphologically identifiable plaques when analyzed by immunohistochemistry. Consistent with their role in metabolic and electrical coupling, gap junction channels are permeable to both ions and cytosolic metabolites, including ATP. In contrast to connexons, pannexons in the plasma membrane do not readily assemble into the plaque-like ensembles that typify gap junctions (39, 71) . Notably, and in contrast to most connexins, both Panx1 and Panx3 are exported to the cell surface as glycosylated proteins, and this glycosylation may impede the docking between pannexons on adjacent cells (7, 39) . Although early studies indicated that functional gap junctions could be formed by Panx1 heterologously overexpressed in Xenopus oocytes or human prostate carcinoma cells, no data has as yet been presented that support an in vivo role for Panx1 as a component of physiologically relevant gap junction channels. Panx1 is also highly expressed in cells, such as mammalian erythrocytes, that do not form gap junctions as part of their physiological repertoire. Thus nonjunctional pannexon hemichannels comprise the predominant structural state, and presumed functional state, of Panx1 in the plasma membrane of mammalian cells (Fig. 1 ).
Connexin Hemichannels: Roles and Regulation
The proposed role for Panx1 hemichannels as conduits for ATP release needs to be considered within the context of the many previous (and current) studies describing the regulation and functions of nonjunctional connexin hemichannels. Connexon-based gap junction channels represent known transport proteins that readily faciliate the flux of ATP between cells. Gap junctions composed of different connexin subtypes exhibit graded degrees of permeability to ATP and ADP with connexin 43 (Cx43) channels being 50 times more permeable to these nucleotides than Cx32 channels (26) . The flux of metabolites and ions through gap junctions can be rapidly attenuated by various intracellular signals, such as acidification or sustained increases in cytosolic Ca 2ϩ . However, many studies of both native and heterologous connexins have indicated that connexon hemichannels at nonjunctional membrane sites can also be gated to the open state (15, 46, 47, 51) . Under normal conditions, the gating of nonjunctional hemichannels in healthy cells is, and must be, a low-frequency event to prevent the collapse of ionic gradients and loss of ATP and other intracellular metabolites that would result in cell death. In response to various cell stresses, such as reduction in extracellular Ca 2ϩ or metabolic inhibition, cells that express native or recombinant connexins become transiently permeable to extracellular fluorescent dyes such as lucifer yellow (M r 522 Da) and calcein (M r 660 Da) (22, 28, 41) . Electrophysiological analyses using human embryonic kidney (HEK)293 cells transfected with Cx43 cDNA (28) or single Xenopus oocytes injected with Cx50 or Cx46 cRNAs (66) have also demonstrated that reduced extracellular Ca 2ϩ reversibly triggers activation of nonselective ionic currents carried by connexin hemichannels.
That gap junctions are highly permeable to ATP and that connexin hemichannels are permeable to dyes with molecular masses similar to that of ATP supported the speculation that connexin hemichannels provide a major pathway for facilitated efflux of ATP. Early reports by the Nedergaard group (12) addressed this as part of studies showing that nonjunctional connexon hemichannels were involved in intercellular Ca 2ϩ wave propagation in astrocytes. "Ca 2ϩ wave propagation" is the process whereby acute changes in cytosolic Ca 2ϩ levels within one cell can rapidly be propagated to nearby cells. Connexins and gap junctions play critical roles in Ca 2ϩ wave propagation in astrocytes and other cell types (9, 26, 27, 45, 49) . One mechanism is that gap junction channels between adjacent cells directly facilitate the movement of Ca 2ϩ per se and Ca 2ϩ -mobilizing inositol 1,4,5-trisphosphate (IP 3 ) from one cell to another (9) . The alternative mechanism for wave propagation, as demonstrated by the Nedergaard group, is that one cell releases an extracellular signaling molecule, such as ATP, which then activates Ca 2ϩ -mobilizing receptors in nearby cells ( 70). In most cases, these analyses of ATP-dependent Ca 2ϩ -wave propagation involve nonlytic mechanical stimulation of a single cell within an optical field to trigger Ca 2ϩ mobilization in that cell. However, rapid Ca 2ϩ transients are also observed in surrounding cells after variable delays that are directly proportional to the distance from the mechanically stimulated cell. The seminal findings of Nedergaard and colleagues set the stage for additional investigations (by the same group and others) for further analyzing the possible role of connexin hemichannels in stimulus-induced nucleotide release in astrocytes, endothelial cells, and osteocytes (2, 23, 60) .
Thus a wide range of experimental evidence supports a role for connexin hemichannels in stimulus-induced ATP release in several types of cells. However, other data have highlighted the difficulty of establishing direct cause-and-effect relationships between connexin expression/activity and ATP release. Spray and colleagues (50, 52, 61, 62 ) compared the relative contributions of gap junctional communication versus the released ATP/paracrine P2 receptor activation pathway to Ca 2ϩ wave propagation in cultures of neonatal cardiac myocytes or neonatal spinal cord astrocytes obtained from wild-type versus Cx43 knockout mice. Cx43 compromises more than 90% of the connexins expressed in wild-type myocytes and astrocytes. Consistent with this, myocytes from Cx43-null mice exhibited major deficits in gap junction-mediated Ca 2ϩ wave propagation (62). However, Ca 2ϩ wave propagation mediated by the paracrine purinergic pathway was similar in both wild-type and Cx43-deficient cells. This indicated that ATP release from the myocytes was not attenuated by the absence of the major connexin component of these cells. Similarly, the absence of Cx43 in spinal cord astrocytes reduced gap-junctional coupling by more than 65% but with little effect on mechanically induced Ca 2ϩ wave propagation via the paracrine purinergic route (52) . These various findings with connexin knockout cells clearly supported the existence of mechanisms that reciprocally coordinate Ca 2ϩ wave intercellular signaling via the connexin-based and purinergic pathways. However, the observation that purinergic paracrine pathways are not significantly disrupted by deletion of the major connexin subtype within these astrocytes and myocytes raised significant questions as to whether other channels, with pharmacological and gating properties similar to those of connexin hemichannels, act as the actual conduits for ATP release. The identification of Panx1 as a ubiquitous, and predominantly nonjunctional, plasma membrane channel complex sets the stage for a recent and rapidly developing series of studies by several groups aimed at establishing the role of Panx1 as an ATP-release channel.
Pannexin-1 Hemichannels: Roles and Regulation
Most of the same tools and experimental approaches used to analyze the role of connexin hemichannels in ATP release have been adapted to the study of Panx1 hemichannels. These include analysis of: 1) natively expressed Panx1 channels in cells treated with various channel hemichannel inhibitors (e.g., carbenoxolone) or small interfering RNAs (siRNAs) that suppress Panx1; and 2) analysis of Panx1 function in various heterologous expression systems. Using the latter approach, Dahl and colleagues (3, 32, 33, 57, 68) have extensively characterized the properties of mammalian Panx1 channels expressed in single Xenopus oocytes. At the electrophysiological level, these studies have revealed that: 1) whole cell currents carried by Panx1 hemichannels in intact oocytes can be gated in response to plasma membrane potentials Ͼ10 mV; 2) the conductance of single channel currents carried by Panx1 in cell-free membrane patches is markedly increased at membrane potentials greater than Ϫ20 mV; 3) Panx1 single channel currents can also be activated by direct mechanical stress applied to membrane patches held at hyperpolarized (Ϫ50 mV) potentials; 4) Panx1 single channel currents can exhibit very large unitary conductance (ϳ500 pS) and complex subconductance states; 5) Panx1 currents can also be gated in oocytes held at normal resting potentials (apporximately Ϫ50 mV) in response to either Ca 2ϩ ionophore or extracellular ATP when Panx1 is coexpressed with Ca 2ϩ -mobilizing P2Y1 and P2Y2 receptors. Recent analyses by Surprenant and colleagues (34) have indicated similar, but not identical, electrophysiological characteristics of Panx1 hemichannels (native or recombinant) expressed in mammalian cell backgrounds. A notable difference is that Panx1 channel activity in these mammalian cells is largely insensitive to perturbations in cytosolic Ca 2ϩ concentration.
As with connexons, the hemichannel activity of Panx1 has also been assayed by changes in the influx or efflux of fluorescent dyes, which are similar in size to ATP (20, 37, 38, 40, 57, 63) . In contrast to connexin-based dye fluxes (13, 21, 60) , the hemichannel activity of Panx1 is not activated by reduction by low extracellular divalent cation concentration (34, 40a) . However, Panx1-mediated dyes fluxes can be triggered by either depolarization or mechanical stress. Notably, these same stimuli elicit increased ATP release from single Xenopus oocytes expressing recombinant human Panx1 (3).
Pannexin-1 Hemichannels as Components of P2X7 Receptor Signaling Pathways
A major development in Panx1 biology was the finding by Pelegrin and Surprenant (38) that Panx1 hemichannels are involved in the nonselective permeability pathway, typically assayed by influx of ethidium or propidium dyes, which is a secondary response to activation of ionotropic P2X7 receptors by extracellular ATP (Fig. 1) . The binding of ATP to this receptor gates its intrinsic nonselective cation channel activity, leading to rapid influx of extracellular Na ϩ and Ca 2ϩ and efflux of cytosolic K ϩ . However, sustained (for more than several seconds) or repeated activation of these ATP-gated cation channels elicits an increased permeability to organic anions and cations as large as 900 Da in mass. This unusual permeability response has been linked to the physiological role of the P2X7 receptor in the regulation of immune and inflammatory responses that culminate in the death of invading microbes, activation and possible death of the host leukocytes that kill these microbes, and clearance of infected or damaged "bystander" cells at local sites of microbial invasion or tissue damage (17) . For example, P2X7 receptors are highly expressed in monocytes, macrophages, and microglia wherein they regulate caspase-based signaling pathways coupled to the production and release of potent proinflammatory cytokines (IL-1␤ and IL-18). Activation of P2X7 receptors also initiates pathways of regulated death in macrophages and T cells; this limits the accumulation of activated leukocytes that might otherwise contribute to autoimmune or autoinflammatory dis-eases (14) . Activation of the Panx1-dependent permeability pathway modulates these death-related inflammatory and immune responses in leukocytes by poorly understood mechanisms involving collapse of the normal ionic and metabolite gradients across both the plasma membrane and (secondarily) intracellular membranous organelles, such as lysosomes and endosomes (24, 35) .
Thus the gating of Panx1 hemichannels by P2X7 receptors at the single cell level has two distinct but related consequences. The first is the initiation of intracellular signaling pathways that allow the responding leukocyte to contribute to innate or acquired immune responses protective to the organism, albeit at the possible cost of the leukocyte's own survival. The second consequence is that Panx hemichannels facilitate release of the leukocyte's own ATP pool for extracellular signaling responses; these include both autocrine actions, which sustain P2X7 signaling within that leukocyte, and paracrine actions, which trigger P2X7 receptors in nearby leukocytes and other P2 receptor subtypes in nonleukocyte cell types (6) . These other P2 responses can include Ca 2ϩ wave propagation (67) .
Multiple Roles for ATP in Panx1 Hemichannel Function
The interplay between P2X7 receptor signaling and Panx1 hemichannel activity must involve precisely coordinated roles for ATP as both an upstream extracellular regulator (via its agonist action on P2X7) of Panx1 gating and a downstream intracellular substrate for efflux through Panx1 channels. The timing and magnitude of Panx1 hemichannel opening must be regulated to minimize, or at least sufficiently delay, excessive loss of cytosolic ATP and other metabolites (e.g., NAD) required for the kinase, protease, and redox signaling reactions that underlie responses to P2X7 receptor activation. In this regard, the experiments of Qui and Dahl describe one novel and unexpected regulatory mechanism that involves a direct inhibitory action of extracellular ATP on the gating and/or activity of Panx1 hemichannels.
The authors demonstrated that submillimolar levels of extracellular ATP rapidly and reversibly decreased the ionic currents activated by depolarization of Xenopus oocytes expressing recombinant murine Panx1. Extracellular ATP also suppressed depolarization-induced influx of ethidium into Xenopus erythrocytes that presumably express the amphibian orthologue of Panx1. Studies aimed at characterizing the selectivity of this inhibitory action of ATP revealed that ADP, AMP, and other nonadenine nucleotide triphosphates did not mimic the effect of ATP when tested at concentrations as high as 1 mM. However, the analog 3-O-benzoylbenzoic-ATP (BzATP) was effective and more potent than ATP itself (IC 50 ϳ 100 M vs. IC 50 ϳ 1,000 M for ATP). Notably, this selectivity and rank order of potency for inhibition of Panx1 currents is similar to that characterizing the activation of the P2X7 receptor. This suggested that an analogous pharmacology characterized the ATP binding sites on Panx1 and P2X7. Supporting this possibility were the surprising findings that Panx1-mediated currents or dye uptake were also inhibited by a broad range of pharmacological agents that antagonize or block P2X7 receptor activation. These included nonselective reagents, such as suramin and brilliant blue G (BBG), which target multiple P2 receptor subtypes in addition to P2X7. However, A438079, a selective P2X7 antagonist, also suppressed Panx1 hemichannel currents albeit at higher concentrations than those that antagonize ATP activation of P2X7 receptor function. As an initial foray into a molecular analysis of the interaction site(s) on Panx1 channels, Qiu and Dahl identified arginine-75 in the first extracellular loop of pannexin-1 as key site for interaction with ATP, BzATP, or BBG. The authors also observed that treatment of Xenopus erythrocytes with BBG suppressed the release of ATP induced by depolarization.
Thus domains within the extracellular loops and/or membrane-spanning segments of hexameric Panx1channels comprise allosteric binding sites for agonistic and antagonistic compounds that also are recognized by trimeric P2X7 channels. These findings indicate that ATP may play yet another role in the interaction of P2X7 and Panx1: as an extracellular allosteric modulator of Panx1 hemichannel activity. Although Qiu and Dahl exclusively analyzed the effects of ATP on Panx1 expressed in an amphibian cell background, Ma et al. (34) have recently described a similar inhibitory action of ATP on depolarization-activated hemichannel current carried by human or murine Panx1 expressed in HEK293 cells. However, some differences were noted in the effects of nucleotides on Panx1 currents in this mammalian cell background: 1) the nonadenine nucleotide triphosphates UTP and GTP mimicked the action of ATP; and 2) BzATP was less potent than ATP. This nucleotide pharmacology is distinct from that of the P2X7 receptor and suggests that the conformation of the nucleotide interaction site(s) may be different in Panx1 hemichannels expressed in amphibian versus mammalian backgrounds. Possible interactions of the pannexons with other proteins expressed only in mammalian (or amphibian) tissues might underlie such differences. Alternatively, different intracellular ionic environments, native cytosol for the Xenopus oocytes studied by two-microelectrode voltage-clamp versus a defined, minimal ionic buffer for HEK293 cells studied by whole cell patch clamp, might also affect the extracellular conformational state of the Panx1 hemichannels.
Implications and Additional Questions
Feedback regulation of ATP release via Panx1 hemichannels. Regardless of the mechanistic details, the strong inhibitory action of exogenously added extracellular ATP on Panx1 hemichannels indicates that a similar inhibition may occur if endogenous ATP, which effluxes through open-state hemichannels, transiently accumulates at the outer vestibule of such channels. The resulting allosteric inhibition by this ATP within the pannexon ectodomain has the potential to limit the loss of intracellular ATP and thus act as a classical negative feedback regulator. Although Qiu and Dahl framed their analysis within the specific context of P2X7 3 Panx1 signaling loops, it is important to emphasize that Panx1 channels have been linked to ATP release in cell types and signaling pathways in which P2X7 receptors do not play a significant or obvious role. Whether other environmental stresses and upstream signals induce Panx1-dependent ATP release is as-yet poorly understood. For example, Nishida et al. (36) have recently reported that mechanical stress triggers ATP and UDP release via Panx1 hemichannels in mouse and rat cardiomyocytes and that these released nucleotides induce an autocrine cascade involving P2Y6 receptors 3 G12/13 3 Rho 3 induction of fibrosis gene expression. This cascade was upregulated in an in vivo model of pressure overload-induced cardiac fibrosis and could be dissociated from the parallel pathways that lead to hypertrophic gene expression. Excessive loss of ATP via mechanically gated Panx1 channels in cardiac myocytes would be catastrophic for the normal cardiac cycle that involves repetitive mechanical perturbation. A feedback effect of released ATP on hemichannel activity would clearly be beneficial in this context. Indeed, an important goal for future studies will be to determine whether extracellular ATP (and perhaps other nucleotides) can allosterically inhibit the gating/conductance of Panx1 hemichannels that are natively expressed in critical cell types such as cardiomyocytes and neurons.
Feedback regulation of nonselective ionic currents carried by Panx1 hemichannels. Although ATP-dependent suppression of ATP efflux through hemichannels is one important consequence of this regulatory effect, this allosteric action of extracellular nucleotides may also be important in preventing excessive ionic currents via Panx1 channels, particularly in electrically excitable cells such as neurons and myocytes. In this regard, MacVicar and colleagues (65) previously described the opening of hemichannel-type currents in hippocampal neurons subjected to ischemic stresses. These authors concluded that hemichannel opening may lead to the significant dysregulation of ionic homeostasis during stroke and may be a major component of ischemic neuronal death. A recent study by the same group (63) found that transient activation of NMDA receptors in these neurons can induce a delayed and long-lasting gating of Panx1 hemichannels that could be correlated with aberrant ionic currents and dysregulated neuronal firing patterns that contribute to epileptiform seizure activity. Again, a suppressive action of released ATP on these gated Panx1 channels would act to attenuate such disruptive ionic currents. The authors suggested the very intriguing possibility that intracellular ATP may also exert a negative allosteric effect on Panx1 hemichannels and that depletion of this ATP pool, during ischemia or excitotoxic NMDA neurotransmission, may relieve this suppression, thus leading to the aberrant gating of Panx1 currents. It will be interesting to further test this hypothesis but it should be noted that the Surprenant group did not observe obvious effects of intracellular ATP on the depolarization-induced gating of recombinant Panx1 hemichannels expressed in HEK293 cells (34) .
Reevaluation of the biological responses regulated by pharmacological agents that target P2X7 receptors. That depolarization-and mechanical stress gating of Panx1-mediated ionic currents is inhibited by a variety of small molecule reagents used as P2X7 receptor antagonist has significant implications for P2X7 receptor pharmacology. These findings indicate that additional caution needs to be exercised in assuming an involvement of P2X7 receptors in complex biological responses, particularly in vivo responses, that are suppressed by these reagents. Most of these inhibitors (e.g., suramin) are known as nonselective reagents and are seldom used in in vivo studies. However, others, such as A438079, have been developed as highly selective P2X7 antagonists for use in whole animal studies and as possible therapeutic agents in human disease. As noted above, Panx1 hemichannels contribute to important autocrine and paracrine signaling responses that do not directly involve P2X7 receptors. Thus it will be important to test newly developed P2X7 antagonists for possible off-target effects on Panx1 hemichannels. In addition, it will be important to identify molecular entities that can block Panx1 hemichannels but that lack P2X7 antagonism. A number of compounds have recently been suggested as Panx1 inhibitors (57) . Potentially preferable to the use of pharmacological agents will be the use of mice with knockout of pannexin channels, in particular, to determine the in vivo physiological and pharmacological significance of allosteric effects of ATP and P2X7 antagonists on Panx1-dependent functions. The first use of such Panx1-null animals, for studies of mechanically stimulated ATP release in cochlear cells, has been recently described by Anselmi et al. (1) . Interestingly, these authors found that connexins 26 and 32, rather than Panx1, comprised the ATP-permeable hemichannels that mediated neurotransmission in this pathway. Given the roles for these and other connexin hemichannels (23) as ATP release conduits in particular tissues, it will be important to test whether extracellular ATP might also allosterically inhibit these nonpannexin based, but ATPpermeable, hemichannels.
Hemichannels as ATP release conduits: pannexins versus connexins. Recent studies on hemichannel-mediated ATP release have emphasized the technical difficulty of distinguishing whether pannexons or connexons act as the predominant ATP conduit in cells that coexpress members of both protein families (51, 53, 59, 64) . Most studies have utilized pharmacological blockers of hemichannel gating or conductance to attenuate stimulus-induced ATP release. Some commonly used hemichannel inhibitors include 18 ␤-glycyrrhetinic acid (18-GA), carbenoxolone (an 18-GA derivative), flufenamic acid derivatives, lanthanides, and probenecid (5, 45, 57, 58) . A major limitation with this approach is that these reagents often lack selectivity for pannexons versus connexins and can also interact with channels or transporters other than hemichannels. A more specific group of hemichannel blockers are the socalled mimetic peptides (also known as gap peptides) that are short peptides that correspond to the sequences of extracellular (or intracellular) loops of various connexins. (8, 11, 16, 26) or pannexins (38, 63) . By interacting with these loop domains, the gap peptides act to disrupt the normal conformation of connexon or pannexon complexes with consequent inhibition of either gap junctional or hemichannel function. However, some mimetic peptides can cross-inhibit both pannexin and connexin hemichannels (68) . Thus the use of animals with global or tissue-specific knockout of particular pannexins (1) or connexins (1, 29, 69) will be essential for unequivocal determination of how particular hemichannels mediate ATP release in different tissues or in response to different stimuli within the same tissue.
